Summary.
The peptidergic innervation of arterial chemoreceptor organs (the rat carotid body and vagal paraganglia; guinea pig carotid body) was studied immunohistochemically.
Five different populations of nerve fibres in the guinea pig carotid body could be discriminated according to their origin and their chemical coding. The innervation pattern of the rat carotid body differed in some aspects. Comparison of the rat carotid body and vagal paraganglia suggested that autonomic neuropeptide Y-like immunoreactive fibres act primarily via vascular mechanisms rather than directly on the chemoreceptor tissue. Sensory fibres were shown to contain immunoreactivities for substance P, calcitonin gene-related peptide (rat and guinea pig) and somatostatin (guinea pig). The functional role of the identified peptide-containing sensory fibres remains to be established.
The carotid bodies and vagal paraganglia are arterial chemoreceptor organs monitoring p02 and pCO2. They are mainly composed of amine-and peptidecontaining glomus cells, their sheath cells, a highly developed vascular network and a rich visceromotor and sensory nerve supply. Neuropeptides such as substance P (SP), enkephalins and neuropeptide Y (NPY) are known to exert marked influence on the process of chemoreception via vascular and nonvascular mechanisms (e. g., MCQUEEN, 1981; MONTI-BLOCH and EYZAGUIRRE, 1985; POTTER and MCCLOs-KEY, 1987) . The distribution of these peptides as well as calcitonin gene-related peptide-(CGRP), somatostatin-and vasoactive intestinal polypeptide-(VIP) like immunoreactivity was studied in carotid bodies of the rat and guinea pig and in rat vagal paraganglia by immunohistochemistry.
MATERIAL AND METHODS
The characteristics of the antisera as well as details of the immunohistochemical techniques have been described in previous papers (MORRIS and GIBBINS, 1987; GIBBINS et al., 1987; HEYM and KUMMER, 1988; TAUGNER et al., 1988) . In the guinea pig, the origin of peptide-immunoreactive nerve fibres in the carotid body was determined by five different kinds of degeneration experiments involving solitary or combined transections of the sensory (carotid sinus nerve= CSN; N. vagus) or sympathetic nerve supply (see KUMMER, 1987) , and by retrograde neuronal labelling of the CSN combined with immunohistochemistry (see KUMMER, 1988) . In the rat, excision of the superior cervical ganglion (SCG), chemical sympathectomy with the neurotoxin 6-hydroxydopamine and transection of the vagal trunk and CSN were performed.
RESULTS AND DISCUSSION

Guinea pig carotid body
Five different types of nerve fibres could be distinguished according to their origin and their immunoreactivity to peptides. Sensory fibres are contributed by the CSN and-to a variable extent-by minor vagal branches. These nerves provide a dense network of SP-and CGRPlike immunoreactive varicose fibres to the carotid body ( in 36% of Fluoro-gold containing perikarya in the petrosal ganglion, whereas the remaining labelled neurons were neither SP-nor CGRP-immunoreactive. Accordingly, all SP-immunoreactive fibres within the carotid body displayed immunoreactivity for CGRP, and vice versa (KUMMER, 1988) . Ultrastructural doublestaining for CGRP-and SP-like immunoreactivities using colloidal gold of different sizes as markers revealed the coexistence of both compounds within intraaxonal dense core vesicles, suggesting their corelease in response to adequate stimuli. SP/CGRPimmunoreactive axons are unmyelinated and run together with non-immunoreactive fibres in a common Schwann cell sheath. Most of the immunolabelled axons are situated in the connective tissue septa between glomus cells. Only a very few (<1%) come into direct contact with the glomus cells, but they do not establish synaptic contacts (KUMMER et al., 1989) .
Under optimal labelling conditions, one out of three VIP-antisera used in this study recognized a substantial number of SP/CGRP-immunoreactive fibres. This was particularly obvious ten days after sympathectomy when the density of SP/CGRP-immunoreactive fibres was found to be increased. The same VIP-antibody has earlier been shown to label sensory neurons in the guinea pig (KUMMER and HEYM, 1986) , whereas the others did not (GIBBINs et al., 1987) . Thus, the molecular form of VIP-immunoreactivity in guinea pig sensory neurons warrants further investigation.
Somatostatin-immunoreactive fibres represent a second sensory nerve supply. In contrast to SP/ CGRP-immunoreactive nerve endings, these fibres are mainly associated closely with the glomus cell clusters (Fig, lb) . So far, no other peptide has been colocalized with somatostatin in carotid body nerve endings.
Autonomic fibres are contributed via branches from the SCG. A dense network is formed by NPYimmunoreactive fibres also containing immunoreactivity to the rate-limiting enzyme of catecholamine synthesis, tyrosine hydroxylase (TH). A few of the N PY-immunoreactive fibres do not display TH-like immunoreactivity, but label with VIP-antisera. A third and small population of autonomic fibres exhibits only VIP-like immunoreactivity.
Rat carotid body
Rat arterial chemoreceptors were not investigated by double-labelling immunofluorescence because the primary antisera raised in the rat or mouse which were used in combination with rabbit antisera produced excessive background labelling.
In contrast to the guinea pig, ganglion cells are closely associated with the carotid body in the rat. These neurons are preferentially located at the entry of the CSN into the carotid body as well as along the sympathetic nerves coming from the SCG (e.g. MCDONALD, 1983). Ganglion cells immunoreactive for ENK-, NPY-and VIP-antisera were found amongst these intrinsic neurons.
SP-and CGRP-immunoreactive fibres could be eliminated by combined CSN transection and nodose ganglionectomy and are, therefore, most probably of glossopharyngeal and/or vagal sensory origin. Within the carotid body, these fibres are predominantly arranged in bundles of mainly linear fibres travelling between the glomus cell clusters. The highly irregular varicose network seen in the guinea pig was not observed in the rat. These findings are in full agreement with a recent description given by KONDO and YAMAMOTO (1988) . SP-immunoreactive axons do not make synaptic contacts with rat glomus cells (PATES and CHEN, 1987) .
NPY-immunoreactive fibres represent the most numerous population. It has been shown earlier that these axons are located along glomic blood vessels and degenerate following removal of the SCG (KONDO et al., 1986) . Our findings are generally compatible, but a few NPY-immunoreactive fibres were still recognizable after surgical sympathectomy or following 6-hydroxydopamine treatment. These fibres possibly originate from intrinsic NPY-immunoreactive neurons. VIP-immunoreactive fibres are more numerous in the rat carotid body than in the guinea pig. They predominantly innervate arterial blood vessels. Their number was not visibly altered following either of the denervation procedures, suggesting an intrinsic origin. Recently, VIP-immunoreactive neurons have also been described within the rat CSN (HELKE and HILL, 1988) .
The origin of enkephalinand somatostatinimmunoreactive fibres was not investigated in the present study. It has been reported that enkephalinimmunoreactive axons are contributed at least partially from the SCG (HELEN et al., 1984) . Somatostatin-immunoreactive nerve fibres are very sparse. In contrast to the guinea pig, they here follow blood vessels and do not enmesh the glomus cell clusters.
Rat vagal paraganglia
The vagus nerve and its first order branches were studied in a thoracic segment extending +1cm from the origin of the recurrent laryngeal nerve and at the subdiaphragmatic level. Glomus caroticum-like bodies at these locations receive sensory fibres from the nodose ganglion (NEUHUBER, 1987; KUMMER and NEUHUBER, 1989) and experimental evidence has been obtained for an arterial chemoreceptor function (e. g. HOLLINSHEAD, 1941; HowE et al., 1981) . A different type of paraganglionic cell accumulations the socalled SIF cell-like bodies-has also been described in the rat vagus nerve (KUMMER et al., 1986) . The supplying artery loses its muscular coat before entering the organ. Vagal paraganglia are permeated by capillaries only (MCDONALD and BLEWETT, 1981; KUMMER et al., 1986) .
SP-and CGRP-immunoreactive fibres were infrequently seen near the entrance of the supplying vessel, but did not spread within the paraganglion. A vagal -probably sensory origin is suggested by their absence following infra-nodose vagotomy. However, due to their low number they cannot account for the entire population of sensory fibres demonstrated by anterograde tracing from the nodose ganglion (NEUHUBER, 1987; KUMMER and NEUHUBER, 1989) . VIP-immunoreactive nerve fibres which persist after vagotomy can be observed in varying amounts in intravagal paraganglia. They were absent from many typical glomus-like bodies, but were prominent in certain SIF cell-like bodies, Nevertheless, some of these paraganglia also were supplied by large diameter sensory axons characteristic of glomus-like bodies (KUMMER and NEUHUBER, 1988) . This topic, however, needs further ultrastructural investigation. NPY-immunoreactive fibres are abundant at the supplying artery, but do not extend into the paraganglion. Somatostatin-immunoreactive axons are entirely absent.
CONCLUSIONS
Neuropeptides known to affect the process of chemoreception are present both in sensory and autonomic nerves supplying arterial chemoreceptor organs. Although some fibre populations appear to be comparable in the guinea pig and rat (e. g., sensory SP/ CGRP immunoreactive fibres and sympathetic NPY immunoreactive fibres), distinct species differences exist regarding the location-like immunoreactive of parent cell bodies (VIP), intraparaganglionic distribution and number of fibres (somatostatin) and even the presence of a particular population (enkephalins). The distinct spatial separation of supplying vessels and glomic tissue in rat vagal paraganglia and the differential innervation of these components suggests that, at least in these chemoreceptor organs, autonomic nerves exert their influence on chemoreception mainly via local circulatory control. This conclusion is in line with experimental data on the cat carotid body, demonstrating that the chemoexcitatory effect of NPY is dependent on an intact circulation (POTTER and MCCLOSKEY, 1987) . Although SP/CGRP-immunoreactive fibres have been shown to be of sensory origin, There is no detectable coexistence of CGRP-and somatostatin-like immunoreactivities, indicating the presence of two discrete axonal populations in this preparation. Scale bar represents 10um.
there is no evidence for their primary involvement in chemoreception.
On the basis of their distribution, sensory somatostatin-immunoreactive fibres in the guinea pig carotid body appear to be more likely candidates for chemoreceptor afferents, but direct evidence for the functional role of these fibres is presently lacking.
